Fatigue cracking of bituminous mixtures is closely related to the loss of ductility produced by the stiffening of the bituminous binder. The main two factors that cause the asphalt binder to lose its ductility are aging and exposure to low temperatures. However, most of the tests designed to evaluate the fatigue behavior of bituminous mixtures are very time consuming, and make unpractical those studies that try to evaluate the influence of many variables. In this research project a strain sweep test was used to analyze the influence of aging, test temperature and bituminous binder type on the fatigue behavior of a continuously graded mixture. As expected, the mixture with SBS polymer modified binder retained more ductility at low temperatures, while the mixture with crumb rubber modified binder had the highest stiffness modulus. All mixtures exhibited the worst fatigue behavior at low temperatures and aging was equivalent to testing an unaged mixture at a lower temperature. The main result of this paper was the implementation of a new methodology to estimate the fatigue law of the material using a strain sweep test, which allowed this fatigue analysis to be carried out in nearly 10 times less testing time than that required by the procedure described in the EN 12697-24 standard.
Introduction
Cracking of asphalt pavements due to cyclic loading is a matter of utmost importance in the pavement engineering field. This phenomenon is closely related to the embrittlement the mixture suffers due to exposure to low temperatures and/or aging caused by weather agents. Oxidation produces a chemical change of the asphalt binder that increases its stiffness and makes the mixture more brittle and susceptible to fatigue and thermal cracking (Domke et al. 2000; Petersen et al. 1993; Chen and Huang et al. 2000; Al-Azri et al. 2006; Naskdar et al. 2013) . Another factor that increases the asphalt binder stiffness is a reduction in temperature. There is some disagreement about the mechanism responsible for this phenomenon (Tabatabaee et al. 2012) . A commonly accepted explanation of this phenomenon combines the effect of the reduction of the free volume between molecules (Struik 1978) and the formation of crystalline fractions, especially the wax contained in the asphalt binder (Planche et al. 1998; Claudy et al. 1992; Anderson and Marasteanu 1999; Lu et al. 2003) .
Despite the importance of the in-service temperature and aging in the cracking resistance of the mixture under cyclic loading, these variables are rarely studied when designing a bituminous pavement. This is due to the amount of time required to evaluate this property. The European standard UNE-EN 12697-24 establishes a minimum of six cyclic tests at three different loading levels to estimate the fatigue law of the mixture, i.e. an exponential relationship between the strain or stress and the cycles to failure. The duration of each of these tests can range between 10 minutes and 3 days. One third of the specimens have to last over 10 6 cycles, which implies at least 6 tests over 9 hours duration at 30Hz. A common laboratory can spend more than a week obtaining a fatigue law of a bituminous mixture. Therefore, studying the influence of different variables in just one type of mixture can involve months of testing, making the process very unpractical.
As a consequence, several research teams have been looking for a way to reduce the time needed to characterize the fatigue behavior of bituminous materials either by developing new test procedures (Moreno-Navarro and Rubio-Gamez 2016; Gonzalez-Torre et al. 2015) or implementing computer simulation programs (Ma et al. 2016; Hu et al. 2016 ), that would make it possible to study the influence of different variables in the fatigue cracking process. Special attention should be paid to the work carried out to develop the Viscoelastic Continuum Damage Model (VECD) (Park et al. 1996) , since most of the publications in this field follow this line of research. This theory is based on defining three key relationships. First the relationship between stresses and strains, then the law that governs the evolution of damage in the material and finally the dependency of the damage on the measurable variables that can be extracted from testing. Over the last 20 years this model has been developed to predict the behavior of mixtures under cyclic loading, and still today several authors are researching how to use and improve this methodology (Sabouri and Kim 2014; Park et al. 2014; Sadek et al. 2016) . that provided the number of cycles to failure at a given strain amplitude for bituminous binders using a strain sweep test that accelerated the accumulation of damage in the specimen, and applying the damage evolution law provided by the VECD theory.
Another approach has been proposed by some authors. The hypothesis is that the resistance to cracking exhibited by the material in monotonic tests should be related to the cracking behavior under cyclic loading. Such is the case of the approach proposed by Pérez-Jiménez et al. (Pérez-Jiménez et al. 2010; Pérez-Jiménez et al. 2012 The UNE EN 12697-24 standard requires 6 replicates to be tested at three strain amplitudes, a total of 18 replicates. These strain amplitudes should be chosen so the number of cycles to failure is around 10 4 and 2·10 6 cycles. The results of each group of 6 replicates are averaged and 3 data points (strain, cycles) are obtained. These 3 points are then fitted to an expression described by equation 1:
where is the strain amplitude, is the number of cycles to failure and and are the fitting coefficients.
Assuming three groups of tests of 50,000, 300,000 and 1,000,000 cycles of duration are conducted, at The gradation employed to fabricate the mixtures was a semi-dense AC mixture with an upper sieve size of 16 mm (AC16 Semi-dense), a 5.0 % of binder content by mass of the aggregates and the target void content was 4.0%. The specimens were prepared using the Marshall compactor with 75 blows per side, and then sawn to get the prismatic specimens required for the test. The mixtures manufactured using the conventional and polymer modified binder presented very similar densities, 0.12% difference in the average densities, while the mixture manufactured using the crumb-rubber modified binder showed an average density 1% lower. Table 2 . AC16S gradation employed in the mixture fabrication.
Sieve ( To simulate aging, the procedure designed by the RILEM ATB-TG5 group was employed (De la Roche et al. 2009 ). After mixing the aggregates with the binder, the mixtures were spread out in trays with a maximum height of 6 cm and placed in a forced air oven at 85ºC for 7 days. Afterwards, the mixture was re-heated to manufacture cylindrical specimens using the Marshall compaction procedure.
EBADE test
EBADE tests consist of a uniaxial tension-compression strain controlled test (Pérez-Jiménez et al. 2011; Pérez-Jiménez et al. 2015) . The strain amplitude is controlled by one extensometer, and is increased with a single increment every 5,000 cycles. Each block of 5,000 cycles at the same strain amplitude is called a strain step. The test starts at 25 microstrains and the increment is also 25 microstrains. That means that the amplitude in the second step is 50 microstrains, in the third step 75 microstrains, and so on. The test is conducted at 10 Hz. While the duration depends on the ductility of the mixture, it is normally under 3 hours, fewer than 100,000 cycles; however, at high temperatures and/or when testing modified binders, exceptionally, the test can last more than 150,000 cycles. The specimens employed are prismatic of 5 x 5 x 6 cm 3 with two 0.6 cm deep and 0.35 cm wide notches in two of the 6 cm tall faces, figure 2. These specimens are cut from cylindrical samples and glued to steel plates specially designed to fit in an MTS hydraulic press. During the test the strain amplitude is controlled through one of the extensometers and the resulting load is recorded, for a whole cycle every 100
cycles. The load is divided by the cross-sectional area of the specimen, reduced because of the notches, to find the experimental stress, and from there the stress amplitude, the complex modulus, |E*|, and the dissipated energy density, DED, are calculated.
The test provides two main parameters that can be used to characterize the behavior of the material under cyclic loading: -Failure strain, ε F : The strain amplitude corresponding to the strain step at which the dissipated energy density drops below 50% of the maximum value reached during the test.
No-Damage strain
In this subsection, the procedure to obtain the No-Damage strain, ε ND , is defined and justified.
Due to the calculation process of both the |E*| and the DED, the latter presents a more stable pattern throughout the test. This is caused by the fact that the area inside the stress-strain loop is less affected by small deviations in the load data than the slope defined by the maximum stress and strain in each cycle.
Because of this, the criteria to calculate the ε ND are based on the behavior of the DED within each strain amplitude step.
One way to measure the change in DED within each strain amplitude step is by calculating the slope of a linear regression between DED and the number of cycles every 5,000 cycles (the duration of each strain step . As shown in Figure 3 , the increase in the DED/cycles slope with the strain amplitude could be fairly approximated by an exponential function. Taking that into account, and to provide a wide range of error in the measurement of the slope, the maximum slope value that means no change in DED was established as 1.0E-3 J/m 3 . Figure 3 . ΔDED/Δcycles slope evolution with the strain amplitude in EBADE tests at 10ºC.
Therefore, slopes steeper than this value indicate the material is decreasing its |E*| and DED. Figure 4 shows graphically how the change in the DED/cycles slope could be used to define the highest strain amplitude at which these properties of the material remain constant. Once the limit DED/cycles slope value is set, a systematic procedure is required to convert the slope into a strain amplitude value. In EBADE tests the strain amplitude varies by 25 microstrains every 5,000 cycles, starting at an initial strain amplitude of the same value. That means that the precision in strain amplitude is 12.5 microstrains. When it comes to finding the failure strain that precision could be enough; however, at low strain amplitudes, the relative precision is lower. For that reason, the ε ND values were calculated using linear interpolation to find the strain amplitude corresponding to a 1.0E-3 J/m 3 slope.
Fatigue law estimation
Considering the two strain related parameters that can be obtained from the EBADE test, a theoretical fatigue law can be sketched.
On the one hand, there is ε F , which is related to a strain amplitude that will cause failure of the material in a relatively short number of cycles. In fact, when the test reaches this strain amplitude failure takes place in 5,000 cycles or fewer. Taking into account that by that time the specimen has undergone a significant number of cycles at lower strain amplitudes, it would be reasonable to state that at ε F a conventional time sweep fatigue test would last around 10,000 cycles. Previous research has proved that this hypothesis is very close to the real data from the time sweep test (Pérez-Jiménez et al. 2013 ).
On the other hand, the ε ND fixes the highest strain amplitude the material can take without changing its properties with the number of cycles, and, by definition, at this strain level there is no measurable change in DED and, therefore, there is no measurable damage accumulation. As a consequence, at this strain amplitude the material could resist an infinite number of cycles. The domain in which the strain amplitude and the number of cycles to failure relate following a potential law is comprised approximately between 10,000 and 10 million cycles (Carpenter et al. 2003) , above that number, the number of cycles to failure does not depend on the strain applied, as a matter of fact failure may not take place at all. Therefore, relating the strain amplitude at which there is no change in DED with a time sweep test that would last for, at least, 10 million cycles seems reasonable.
Summarizing this, by assigning 10,000 and 10 million cycles to ε F and ε ND a theoretical fatigue law can be calculated following these previous two hypotheses.
Test plan
The variables studied were three: binder type, test temperature and aging. To analyze the influence of these three variables in the fatigue behavior of the mixture using the EBADE test, the following test matrix was designed, table 3: For each combination of variables, three specimens were tested, giving a total of 54 samples.
Results
In this section the results obtained in the strain sweep tests performed on the six mixtures at three different temperatures are discussed. As an example of the data that the EBADE test provides, the results from the conventional mixture without aging are presented in Figure 5 . The EBADE test provides two main parameters that characterize the behavior of the material under cyclic loading, i.e., the initial complex modulus norm, |E*| i , and the failure strain, ε F . The calculation of these two parameters is explained in the EBADE tests section. In addition, during this research a new parameter has been defined, the No-Damage strain, ε ND . In a strain sweep test, the mixture is exposed to different strain amplitudes in an increasing pattern. At low strain amplitudes there is no change in the |E*| and DED within each strain step, these parameters only change with the change in strain amplitude every 5,000 cycles, because of the change in the loading rate. Keeping the same frequency and increasing the strain amplitude inevitably leads to a change in the velocity of movement applied to the material, i.e., the loading rate.
However, as the strain amplitude increases, there is a change in the behavior of these two parameters, both experience a loss with the number of cycles during each 5,000 cycle step. The ε ND is defined as the highest strain amplitude at which the material does not experience a loss in |E*| and DED within a strain step. Table 4 shows the numerical values obtained for these three parameters. The repeatability of the test depended on the stiffness of the mixture. The failure strain and the No-Damage strain showed similar dispersions. At 10ºC the coefficient of variation (COV) was 7% and 15% on average for the |E*| i and the two strain parameters, and at -5ºC it increased to 13% and 17%, respectively.
The fatigue law coefficients and strain amplitudes corresponding to 1 million cycles, ε 6 , predicted by the model described in sections 2.3 and 2.4 are presented in table 5.
To better visualize the effect of the binder, temperature and aging on the predicted fatigue behavior, the computer program BISAR 3.0 was employed to calculate the maximum horizontal strain in a low traffic pavement structure.
These strain values were then used to predict a number of cycles to failure using the theoretical fatigue laws obtained in the EBADE tests, table 5, using The theoretical strain values, ε BISAR , shown in table 5 may only be considered for comparison purposes, since the BISAR 3.0 software considers semi-infinte layers of isotropic and linear elastic materials, which is quite far from the reality of bituminous materials.
The fluctuations on the predicted number of cycles to failure were expected since they depended on two complementary properties of the mixture, complex modulus and failure strain. When the temperature decreased, stiffness increased and failure strain decreased at different rates. If the stiffness increased at a higher rate than the failure strain decreased the predicted life could increase, because the theoretical strain in the bottom of the asphalt mixture layer was reduced and still was much smaller than the failure strain.
However, if the failure strain decreased at a higher rate than the stiffness increased, even though the predicted strain in the bottom of the layer was lower, it could be closer to the failure strain causing a smaller predicted number of cycles.
Temperature effect
As expected, as the temperature decreased the |E*| i increased. In general, the stiffer the mixture the less the relative increase in modulus with temperature.
The three mixtures studied showed an increase of their |E*| i when the temperature dropped from 10 to -5ºC, ranging from 30% to 70%, the PMB mixture had the highest increase and the BC 35/50, the lowest.
However, the variation of ε F and ε ND , table 4, was more interesting, since it provided information on how the stiffening of the mixtures affected their fatigue behavior. Of all the mixtures, the PMB showed the highest ε F , the ε ND remained
at similar values at all temperatures. This was reflected in a higher ε 6 at all temperatures.
The mixture manufactured with the conventional binder showed the lowest ε 6
values at +10 and -5ºC. At +3ºC it showed a slightly higher value than the BC 35/50 mixture.
Overall, the modification of the binder, through the addition of either crumb rubber or SBS polymer, improved the fatigue behavior at all temperatures. The crumb rubber binder was harder than the conventional binder, table 1, however, their |E*| i at all temperatures were very similar and its ε F and ε ND higher or similar, which resulted in better predicted fatigue behavior. The polymer modified binder provided a much more ductile mixture with a predicted fatigue behavior better at all temperatures.
Aging effect
The aging procedure increased the |E*| i of all mixtures and reduced their ε F .
However, the effect on the ε ND depended on the mixtures and the test temperature. The PMB mixture experienced a strong reduction of this parameter at all temperatures, while the BC 35/50 and the 50/70 mixtures showed a reduction at +10 and -5ºC and a small increase at +3ºC.
After aging, the BC 35/50 mixture was the one that showed the better predicted fatigue behavior at +10 and +3ºC. This is due to the strong influence that the modulus has in the multilayer computation software. In addition, the strong reduction of ε ND the PMB mixture suffered decreased the predicted ε 6 and cycles to failure. However, at -5ºC this mixture obtained the better predicted fatigue parameters.
It is important to mention the great drop in the predicted cycles to failure experienced by the BC 35/50 and the 50/70 mixtures when the temperature changed from +3 to -5ºC. This is the expected behavior for a very brittle and stiff material, i.e., a small change in strain amplitude can make the material shift from the linear visco-elastic domain to total failure. These results are consistent with other research studies, such as the one performed by Saeidi and Aghayan (2016) , that showed that aged mixtures at low temperatures experienced a significant decrease in failure deformation obtained using the SCB test.
Aging-Temperature superposition
Comparing the results from different test temperatures of aged and unaged mixtures, it was noted that the data from the test at +3ºC of unaged mixtures were very similar to that of the aged mixtures at +10ºC. The |E*| i , ε F and ε ND of the 50/70 mixture differed by 12%, 4% and 2%, respectively, and for the BC 35/50 mixture those differences were 10%, 2% and 3% in the same order.
These results showed that the aging procedure applied to these mixtures had the same effect as reducing these mixtures service temperature by 7ºC. Figure 7 shows the similarities in the evolution of |E*| with cycles for the 50/70 mixture unaged at +3ºC and aged at +10ºC. 
Conclusions
The objective of this research project was to develop a new methodology to estimate the fatigue law of bituminous materials and use it to analyze the influence of the test temperature, the aging and binder type in the fatigue behavior of a continuously graded asphalt mixture. Six different mixtures, fabricated with three different binders, before and after being exposed to an aging procedure were tested at three different temperatures using a strain sweep test called EBADE. From this study the following conclusions were obtained:
-A new methodology was proposed to define the highest strain amplitude at which the mixture properties remain constant with the number of cycles, based on the analysis of results from a strain sweep test.
-Using the Failure strain and the No-Damage strain, an approximation to the fatigue law of the mixture was proposed. The failure strain was associated with failure in a low number of cycles, around 10,000, and the No-Damage strain with failure in the highest practical number of cycles a virtual road would endure in its service life, approximately 10 million.
-The reduction of test temperature reduced the ductility of the mixtures.
The mixtures manufactured with modified binders showed better fatigue behavior. The mixture with SBS polymer modified binder retained more ductility at low temperatures, while the mixture with crumb rubber modified binder had the highest stiffness modulus.
-The aging had a similar impact on the mixtures as the reduction of temperature. It produced a significant reduction in their ductility. Again, the mixtures with the modified binders obtained better predicted fatigue parameters, the mixture with SBS polymer modified binder had the better results after aging and at the lowest temperature, which would be the worst-case scenario.
-The aging in the mixture acted like a reduction in the service temperature. This means that aging should be taken into account when designing a mixture to be placed in a given weather climate, i.e., a mixture that should have enough ductility at +10ºC can behave like a stiffer mixture at this temperature due to aging.
-In the design of an asphalt pavement both the temperature and the aging susceptibility of the mixture should be taken into account.
-In all cases, the worst fatigue results were obtained at low temperatures, while the fatigue laws currently employed in designing bituminous mixtures are normally obtained at +20ºC. The fatigue behavior of bituminous mixtures should be also studied at low temperatures.
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